Although calcineurin inhibitors (CNIs) are very useful in preventing allograft rejection, they can mediate a rapid progression of post-transplantation malignancies. The CNI cyclosporine A (CsA) can promote renal tumor growth through activation of the proto-oncogene ras and over-expression of the angiogenic cytokine VEGF; the ras activation also induces over-expression of the cytoprotective enzyme HO-1, which promotes survival of renal cancer cells. Here, we show that the natural product honokiol significantly inhibited CsA-induced and Ras-mediated survival of renal cancer cells through the down-regulations of VEGF and HO-1. Thus, honokiol treatment may help to prevent tumor-promoting effects of CsA in transplant patients.
immunosuppressive functions, CsA can directly promote malignancy through pathways that include production of transforming growth factor (TGF)-β and modulation of DNA repair and apoptosis [4, 9] . Recent studies from our laboratory have demonstrated that CsA treatment can promote an accelerated growth of renal tumors through the over-expression of the angiogenic cytokine vascular endothelial growth factor (VEGF) [6, 10] ; in addition, CsA induces a significant activation of the proto-oncogene ras in renal cancer cells [7] .
Activated Ras proteins transmit their signals to a cascade of protein kinases that have MAP kinase kinase (MEK) as the substrate, such as MEK kinase, c-Raf-1, and B-Raf, and results in the activation of MAP kinase (MAPK) [11] . Although the Ras mutation is not very common in renal cell carcinoma (RCC), the Raf-ERK pathway is hyperactive [12] . We have recently shown that activation of the Ras-Raf-ERK pathway induces the over-expression of the cytoprotective enzyme heme oxygenase-1 (HO-1), which plays a major role in the survival of renal cancer cells [13, 14] . Interestingly, HO-1 can also regulate angiogenesis [15] . The key role of the Ras/Raf/MEK/ERK pathway in the development and progression of RCC, and the fact that CsA can induce Ras activation, have evoked interest in targeting members of this pathway as a possible therapeutic strategy for CNI-induced renal cancer, which otherwise is highly resistant to conventional chemotherapy [16] .
Honokiol, a natural product originally isolated from Magnolia obovata [17] , is a promising agent for mediating anti-inflammatory, anti-oxidant, pro-apoptotic and chemopreventive functions [18] [19] [20] . It has been demonstrated that honokiol can inhibit the growth of tumors in animal xenograft models and induce tumor cell apoptosis [21] [22] [23] . Honokiol-induced apoptosis can be mediated through the activation of caspases, and the induction of proapoptotic Bax and Bad [24, 25] . Honokiol may also suppress Ras-mediated activation of phospholipase D, and induce cyclophilin D to promote mitochondrial permeability transition pore-associated cell death [21, 26, 27 ].
It appears that Ras and cyclophilin D are critical targets of both CsA and honokiol, though in an antagonistic way. While CsA promotes tumor growth through activation of Ras and inhibition of cyclophilin D, honokiol may exert an anti-tumor effect through suppression of Ras pathways and induction of cyclophilin D-mediated mitochondrial transition pores [7, 21, 26] . Thus, a combination therapy using CsA and honokiol might be considered as a potential therapeutic strategy for CNI-induced post-transplantation cancer, which involves Ras activation. Using honokiol in combination with CsA may inhibit the cancer-promoting effects of CNI while retaining its immunosuppressive function, which is essential to prevent allograft rejection.
In the present study, we observe that honokiol can effectively down-regulate CsA-induced activation of the Ras-Raf pathway. It can inhibit CsA-induced over-expression of the proangiogenic VEGF; we also demonstrate for the first time that honokiol promotes apoptosis by inhibiting CsA-induced expression of the cytoprotective HO-1, which plays a major role in Ras-mediated survival of renal cancer cells [13, 14] .
MATERIALS AND METHODS

Reagents
Honokiol used in this study was synthesized in Dr. J. Arbiser's laboratory (Emory University School of Medicine, Atlanta, GA) [26] . It was dissolved in DMSO at a concentration of 25 mmol/L, and aliquots were stored at −80°C. Stock solutions were diluted to appropriate concentrations with growth medium immediately before use. CsA (Novartis) was purchased from Children's Hospital Boston pharmacy and Cobalt protoporphyrin (CoPP) was obtained from Frontier Scientific. Gene-specific small interfering RNAs (siRNA) for H-Ras, Raf-1 and HO-1, along with control siRNA were purchased from Qiagen. Cells were transfected with siRNA using Lipofectamine 2000 (Invitrogen).
Cell Lines
Human renal cancer cell lines (786-0 and Caki-1) were obtained from American Type Culture Collection. 786-0 cells were grown in RPMI-1640, and Caki-1 cells were grown in McCoy's 5A medium supplemented with 10% fetal bovine serum (GIBCO).
Plasmid
A 2.6-kb VEGF promoter-luciferase construct in pGL2 basic vector (Promega) containing full-length VEGF promoter sequence (−2361 to +298 bp relative to the transcription start site) (10) , and a human HO-1 promoter-luciferase construct (phO4luc) in pSKluc vector containing the human HO-1 promoter sequence (bp −4067 to +70 relative to the transcription start site) (19) were used in transient transfection assays.
Transfection and Luciferase Assays
786-0 (0.5 × 10 5 ) cells were transfected with VEGF or HO-1 promoter-luciferase plasmid using Effectene Transfection Reagent (Qiagen), according to the manufacturer's protocol. After 18 hours of transfection, the cells were treated with different combinations of CsA and honokiol. The cells were harvested 48 hours after transfection and luciferase activity was quantified using a standard assay kit (Promega) in a luminometer. As an internal control for transfection efficiency, the cells were co-transfected with β-galactosidase gene under control of cytomegalovirus immediate early promoter, and β-galactosidase activity was measured by standard assay system (Promega).
Western Blot Analysis
Protein samples (15 μg) were run on SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride membrane (Millipore Corporation). The membranes were incubated with rabbit polyclonal anti-VEGF, mouse monoclonal anti-H-Ras, rabbit polyclonal anti-Raf-1, rabbit polyclonal anti-phospho-RKIP, goat polyclonal anti-RKIP (Santa Cruz Biotechnology), goat polyclonal anti-HO-1 (R&D Systems) or mouse monoclonal anti-β-Actin (Sigma-Aldrich). All primary antibodies were diluted at 0.5 μg/ml. Following incubation with primary antibody, the membranes were incubated with peroxidase-linked secondary antibody (goat anti-mouse IgG/goat anti-rabbit IgG/donkey anti-goat IgG) (0.2 μg/ml). Reactive bands were detected using chemiluminescent substrate (Pierce).
Preparation of Nuclear Extracts
Cells were treated with different combinations of CsA and honokiol. After 6 hours of treatment, nuclear extracts were prepared from the cells using a Nuclear Extract Kit (Active Motif). Briefly, 0.8 × 10 5 cells were seeded/well of 6-well plate. Following treatments, cells were collected in phosphate buffered saline (PBS) in presence of phosphatase inhibitors. The cells were resuspended in hypotonic buffer (supplied with the kit) and incubated on ice for 15 min. Cytoplasmic fractions were collected after adding detergent (supplied with the kit) and centrifuging the cells. The nuclear pellets were resuspended in complete lysis buffer, and incubated on ice for 30 min. The nuclear fractions were collected by centrifuging the cells for 10 min.
DNA Binding ELISA for Activated Nrf2
Binding of activated Nrf2 to specific DNA sequence was quantified by TransAM Nrf2 ELISA kit (Active Motif) following the manufacturer's protocol. The kit contains strip-well plate to which multiple copies of specific double-stranded oligonucleotide for Nrf2 consensus-binding site anti-oxidant response element (ARE) have been immobilized. When nuclear extract is added to the wells, active Nrf2 contained in the extract binds specifically to the plate-bound oligonucleotide. Nrf2-specific primary antibody is then added followed by subsequent incubation with HRP-conjugated secondary antibody and developing solution. Quantitative analysis is performed by spectrophotometry at 450 nm. The reading at 450 nm is directly proportional to DNA binding activity of Nrf2 and serves as a convenient tool to determine activation of the transcription factor.
Cell Proliferation Assay
Cell proliferation was measured by MTT Cell Proliferation Assay (ATCC) following the manufacturer's protocol. Briefly, cells (non-starved) were seeded in 96-well plates (0.025 × 10 5 cells/well), and treated with different combinations of CsA and honokiol. After 48 hour of drug treatment, 10 μl of MTT reagent was added to each well. Once purple crystals of formazan became clearly visible under microscope, 100 μl of Detergent Reagent was added and the cells were incubated at dark for 4 hour. Absorbance was measured at 570 nm and corrected against blanks, which consisted of culture medium processed in the same way as above in the absence of cells. The reading at 570 nm is directly proportional to cell proliferation (number of viable cells).
Apoptosis Assay
Cellular apoptosis was measured by Annexin-V and Propidium Iodide (PI) staining using APC Annexin-V Apoptosis Detection Kit (eBioscience) according to the manufacturer's protocol. Briefly, 0.5 × 10 5 cells were seeded /well of 6-well plate and treated as described. For the assay, the cells were trypsinized, washed with PBS and 1X binding buffer, and then resuspended in the binding buffer at a concentration of 4-5 × 10 6 cells/ml. 5 μl APCconjugated Annexin V was added to 100 μl of the cell suspension and incubated at room temperature for 15 min. The cells were washed and resuspended in 200 μl of binding buffer. 5 μl PI was added to the cells; and the cells were analyzed by flow cytometry on a FACSCalibur.
Statistical Analysis
Statistical significance was determined by Student's t test. Differences with P < 0.05 were considered statistically significant.
RESULTS
Honokiol Inhibits CsA-induced Transcriptional Activation and Protein Expression of VEGF
VEGF is one of the most important angiogenic cytokines involved in tumor growth [28] . We have previously demonstrated that CsA treatment can induce VEGF transcriptional activation and protein expression in renal cancer cells, and promote cancer progression [6] .
Here, we first evaluated if honokiol treatment could inhibit CsA-induced VEGF overexpression in 786-0 and Caki-1 cells. To study promoter activity, cells were transfected with the VEGF promoter-luciferase plasmid and then treated with CsA in absence or presence of honokiol. We observed that CsA-induced VEGF transcriptional activation in both 786-0 and Caki-1 cells was significantly inhibited following honokiol treatment as assessed by luciferase activity (Fig. 1A , and Supplementary Fig. 1 ). Moreover, CsA-induced VEGF protein expression was markedly inhibited by honokiol as observed by Western blot (Fig.  1B) . Thus, our data suggest that honokiol can down-regulate CsA-induced VEGF overexpression.
Treatment with Honokiol Inhibits Phosphorylation of Raf Kinase Inhibitory Protein (RKIP)
Raf kinase inhibitory protein (RKIP) acts as an endogenous inhibitor of the Raf-1-MEK pathway [29] . Nonphosphorylated RKIP inhibits Raf and blocks Raf-mediated signaling events [30] . We have previously shown that CsA treatment activates Ras-Raf pathway in renal cancer cells through increased phosphorylation of RKIP [7] . Here, we checked if honokiol could inhibit CsA-induced tumor-promoting pathway through the regulation of RKIP. Renal cancer cells were treated with CsA in absence or presence of honokiol. As shown in Fig. 2 , CsA increased the phosphorylation of RKIP; and CsA-induced RKIP phosphorylation was significantly inhibited following honokiol treatment. Thus, we suggest that honokiol may down-regulate CsA-induced Raf/MEK signaling in renal cancer cells through inhibition of RKIP phosphorylation.
Honokiol Treatment Down-Regulates CsA-induced and Ras-mediated Over-expression of HO-1
We have recently demonstrated that Ras-induced activation of the cytoprotective enzyme HO-1 can play a significant role in accelerating tumor-promoting pathways in renal cancer cells [13, 14] . We have also found (data not shown) that HO-1 can regulate VEGF expression in these cells. Here, we first wished to evaluate if CsA, which has been shown to promote renal cancer progression, could also induce HO-1. As demonstrated in Fig. 3A (top  panel) , CsA treatment markedly induced the expression of HO-1 in renal cancer cells.
However, when we knocked down either H-Ras or Raf-1, CsA-induced HO-1 overexpression was inhibited. These observations suggest that CsA can induce HO-1; and Ras and Raf-1 act as important intermediary signaling molecules in this pathway.
We next wanted to determine if honokiol could down-regulate CsA-induced over-expression of HO-1. To assess HO-1 transcriptional activation, we transfected both 786-0 and Caki-1 cells with the HO-1 promoter-luciferase plasmid and then treated with CsA in absence or presence of honokiol, and then luciferase assay was performed. To check the protein expression, 786-0 and Caki-1 cells were treated with different combinations of CsA and honokiol, and then Western blot analysis was performed. We observed that CsA-induced HO-1 transcriptional activation as well as protein over-expression in both the cell types was significantly inhibited by honokiol treatment (Fig. 3B & 3C , and Supplementary Fig. 2A &  2B ).
Nrf2 is one of the most important transcription factors for HO-1 expression and binds to ARE, located at the enhancer sites (E1 and E2) of the HO-1 promoter [31, 32] . We have recently demonstrated that the Ras-Raf pathway activates Nrf2 to promote the overexpression of HO-1 in renal cancer cells [13] . Here, we checked if CsA treatment in renal cancer cells could induce the binding of Nrf2 to the ARE site, and how honokiol may modulate this binding. Using Nrf2 DNA binding ELISA kit, we observed that CsA markedly increased the binding of activated Nrf2 to specific DNA sequence containing the ARE site of the HO-1 promoter; and the honokiol treatment significantly attenuated CsA-induced binding of Nrf2 to the specific sequence ( Fig. 3D ). Binding of Nrf2 to the DNA was confirmed by competition assay using Nrf2 binding site oligo. Together, our observations suggest that honokiol can play an important role in preventing CsA-induced and Rasmediated over-expression of HO-1, probably through the regulation of the transcription factor Nrf2.
Honokiol Inhibits CsA-induced Proliferation of Renal Cancer Cells
In our previous studies, we have demonstrated that CsA treatment as well as HO-1 overexpression can promote increased proliferation of renal cancer cells [7, 14] . Here, we sought to determine the effect of honokiol on CsA-induced proliferation of 786-0 and Caki-1 cells. The cell were treated with CsA in absence or presence of honokiol, and subjected to cell proliferation assay. As shown in Fig. 4A and 4B , CsA increased the proliferation of renal cancer cells compared with controls; and the treatment with honokiol significantly decreased CsA-induced cell proliferation in both the cell types. Thus, we suggest that honokiol can prevent CsA-induced renal tumor progression through the inhibition of cancer cell proliferation.
Honokiol Treatment Prevents CsA-induced Down-regulation of Tumor Cell Apoptosis
CsA is known to inhibit cellular apoptosis [9, 33, 34] . Here, we first studied the effect of CsA treatment on apoptosis of renal cancer cells, and the role of Ras in the process. The cells were transfected with control siRNA or H-Ras siRNA, and then treated with either CsA or vehicle alone. Cells were stained with Annexin-V and propidium iodide and analyzed by flow cytometry to check the apoptotic index. As shown in Fig. 5A , CsA treatment decreased apoptosis in control siRNA-transfected cells compared with vehicle-treated controls; the percentage of apoptotic cells (early + late) decreased from 1.948% (0.678% + 1.27%) to 0.686% (0.562% + 0.124%). However, the knock-down of H-Ras markedly increased cellular apoptosis in CsA-treated cells; the percentage of apoptotic cells increased from 0.686% (control siRNA-transfected and CsA-treated cells) to 1.738% (0.718% + 1.02%) (H-Ras siRNA-transfected and CsA-treated cells). Thus, our findings suggest that CsA treatment inhibits renal cancer cell apoptosis through the induction of Ras.
As our earlier experiments suggested that honokiol can inhibit Ras-mediated signaling events, we next tested its effect on renal cancer cell apoptosis following CsA treatment. As shown in Fig. 5B , CsA treatment decreased cellular apoptosis in Caki-1 cells compared with vehicle-treated control cells; the percentage of apoptotic cells (early + late) decreased from 2.255% (0.625% + 1.63%) to 0.624% (0.519% + 0.105%). Interestingly, honokiol reverted CsA-induced down-regulation of cellular apoptosis; percentage of apoptotic cells increased from 0.624% (CsA-treated cells) to 2.093% (0.543% + 1.55%) (CsA + honokiol-treated cells). We also checked (data not shown) the apoptotic effect of honokiol in 786-0 cells. However, the effect of honokiol to induce apoptosis in CsA-treated cells was much stronger in Caki-1 compared with 786-0 cells. Together, our observations suggest that honokiol may restrict CsA-induced survival of renal cancer cells through the induction of apoptosis.
Honokiol Promotes Apoptosis of Renal Cancer Cells through Inhibition of HO-1
We examined if honkiol-induced renal cancer cell apoptosis is mediated through the regulation of HO-1. As the apoptotic effect of honokiol was much stronger in Caki-1 cells, we performed these experiments in this cell type. The cells were treated with different combinations of honokiol and CoPP (HO-1 inducer), and then subjected to apoptosis assay as described earlier. As shown in Fig. 6A , honokiol treatment increased apoptosis (early + late) of renal cancer cells compared with vehicle-treated control; the percentage of total apoptotic cells increased from 2.95% (1.08% + 1.87%) to 7.54% (2.63% + 4.91%). However, following HO-1 induction by CoPP treatment, honokiol-induced cellular apoptosis was markedly decreased; the percentage of total apoptotic cells decreased from 7.54% to 2.618% (0.518% + 2.1%). The induction of HO-1 by CoPP treatment was confirmed by Western blot (bottom panel).
We next checked the effect of HO-1 knock-down on honokiol-induced apoptosis of renal cancer cells. As shown in Fig. 6B , honokiol treatment increased cellular apoptosis (early + late) in control siRNA-transfected renal cancer cells compared with vehicle-treated controls; the percentage of total apoptotic cells increased from 3.02% (1.03% + 1.99%) to 6.16% (2.01% + 4.15%). The knock-down of HO-1 markedly elevated cellular apoptosis in honokiol-treated cells; the percentage of total apoptotic cells increased from 6.16% to 18.02% (3.52% + 14.5%). The knock-down of HO-1 was confirmed by Western blot (bottom panel). Thus, our observations suggest that the down-regulation of HO-1 is one of the critical events for the regulation of renal cancer cell apoptosis following honokiol treatment.
DISCUSSION
Honokiol, a small molecular weight polyphenol, is a promising agent for its anti-tumor and anti-carcinogenic properties. In this study, we show that the natural product honokiol can effectively inhibit CsA-induced over-expression of the angiogenic cytokine VEGF and the cytoprotective enzyme HO-1 in renal cancer cells. It reduces CsA-induced cancer cell proliferation and inhibits H-Ras-and HO-1-mediated cell survival. Our findings clearly suggest the clinical significance of honokiol treatment in preventing CsA-induced posttransplantation cancer progression that depends on the activation of Ras, and overexpression of VEGF and HO-1.
The effect of CsA on post-transplantation therapies can be best described as a double-edged sword; while its immunosuppressive function is indispensable for preventing transplant rejection, its pro-tumorigenic property leads to the development and progression of posttransplantation malignancies [1] [2] [3] . As discussed earlier, CsA can induce cancer progression by directly promoting tumorigenic pathways [4] [5] [6] [7] . Recent studies from our laboratory show that CsA promotes renal tumor growth through activation of the proto-oncogene ras and over-expression of VEGF [6, 7] . Thus, using inhibitors of these pathways in combination with CsA can be an ideal approach to attenuate the pro-tumorigenic effects of CsA without compromising its essential immunosuppressive functions. It has recently been suggested that honokiol, which has a great potential to inhibit tumor growth, may also down-regulate the Ras pathway [21, 26, 35] . A combination treatment with CsA and honokiol may be considered as a therapeutic strategy for preventing the development of post-transplantation renal cancer. This is supported by the fact that honokiol exhibits not only anti-cancer effects, but also immunosuppressive and anti-inflammatory properties [36] . Thus, along with blocking the cancer-promoting effects of CsA, honokiol might actually reduce the dose of CsA needed to prevent transplant rejection. Here, we show that honokiol can effectively inhibit CsA-induced transcriptional activation and over-expression of VEGF in renal cancer cells. It is known that renal tumors are highly vascular with markedly elevated expression of pro-angiogenic VEGF and VEGF receptor [37] . The inhibition of CsA-induced VEGF expression by honokiol indicates possible potency of the molecule to attenuate CsA-induced angiogenesis and vascularization that plays a crucial role in development of posttransplantation renal cancer.
The Ras-Raf-ERK pathway can regulate the proliferation, differentiation, survival of cancer cells, and thus may serve as potential therapeutic target [38] . RKIP inhibits the Raf/MEK/ ERK pathway by disrupting their interaction and blocking downstream signaling [29, 30] . It has been shown that phosphorylation of RKIP by protein kinase C (PKC) releases the molecule from Raf, thus rescuing the Raf/MEK/ERK pathway from inhibitory effects of RKIP [39] . It would be of interest to know whether RKIP is phosphorylated in cancers arising in patients treated with CsA. Our data shows a significant decrease in CsA-induced RKIP phosphorylation and renal cancer cell proliferation upon honokiol treatment.
Considering the central role of PKC-mediated VEGF activation in CsA-induced posttransplantation cancer progression [6] , it may be possible that honokiol downregulates proliferation of renal cancer cells through the inhibition of PKC-mediated regulation of the Raf/MEK/ERK signaling axis.
Honokiol may be used as an important therapeutic molecule to inhibit tumor angiogenesis and promote apoptosis [21, 26, 35] . Our present study for the first time shows that honokiol can promote apoptosis of renal cancer cells through the regulation of HO-1. Classically, HO-1 is a cytoprotective enzyme under oxidative and cellular stresses [40] ; however, HO-1 is often over-expressed in cancer cells to promote tumor growth and progression [41, 42] . We have found (data not shown) that HO-1 can also induce the expression of angiogenic VEGF in renal cancer cells. Recent studies from our laboratory show that HO-1 is induced in renal cancer cells through the activation of the Ras-Raf-ERK signaling pathway involving the transcription factor Nrf2 [13] ; and HO-1 can promote cell survival through the inhibition of chemotherapeutic drug-mediated apoptosis and autophagy [14] . Our present study shows a marked up-regulation of HO-1 by CsA via the Ras-Raf pathway; and CsA-induced HO-1 expression is attenuated by honokiol treatment. Honokiol also suppressed CsA-induced activation of Nrf2, which is crucial for Ras-mediated induction of HO-1. Moreover, honokiol markedly inhibited CsA-induced survival of renal cancer cells; and this effect was also mediated through the modulation of HO-1, as honokiol-induced apoptosis was significantly blocked by HO-1. However, we have observed (data not shown) no significant change in renal cancer cell autophagy following CsA and honokiol treatment. Together, honokiol can effectively inhibit CsA-induced and Ras-medited survival of renal cancer cells by down-regulating HO-1 and inducing apoptosis.
In summary, honokiol can inhibit CsA-induced survival of renal cancer cells by targeting the Ras pathway, and suppressing the induction of VEGF and HO-1. As renal cancer is a significant problem in CNI-treated transplant patients, our study clearly suggests the effectiveness of a combination therapy using CsA and honokiol as a strategy to reduce the occurrence of post-transplantation renal cancer. Addition of honokiol to CNI treatment can attenuate Ras-induced cancer-promoting pathways of CsA, without affecting its required immunosuppressive functions. 
